Using deuteron nuclear magnetic resonance ͑NMR͒ and dynamic light scattering, we study the orientational order and dynamics of a BL038-5CB liquid-crystal mixture in a holographic polymer dispersed liquid-crystal material ͑HPDLC͒ as used for switchable diffractive optical elements. At high temperatures, where the liquid crystal is predominantly in the isotropic phase, the HPDLC deuteron NMR linewidth and transverse spinrelaxation rate T 2 Ϫ1 are two orders of magnitude larger than in the bulk. The analysis shows that the surfaceinduced order parameter in HPDLC is significantly larger than in similar confining systems and that translational diffusion of molecules in the surface layer is at least two orders of magnitude slower than in the rest of the cavity. The unusual temperature dependence of T 2 Ϫ1 upon cooling suggests the possibility of a partial separation of the 5CB component in the liquid-crystal mixture. The onset of the nematic phase in HPDLC occurs at considerably lower temperature than in the bulk and takes place gradually due to different sizes and different content of non-liquid-crystalline ingredients in droplets. Parts of the droplets are found isotropic even at room temperature and the structure of the nematic director field in the droplets is only slightly anisotropic. We point out the capability of NMR to detect the actual state of liquid-crystalline order in HPDLCs and to contribute in this way to the improvement of the switching efficiency of diffraction gratings.
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I. INTRODUCTION
Holographic polymer dispersed liquid crystals ͑HPDLCs͒ are an important stratified optical material consisting of periodic liquid-crystal-rich layers separated by pure polymer layers ͓1-4͔. The liquid-crystal-rich layers exhibit either a discrete or bicontinuous droplet morphology. Owing to the periodically modulated refractive index generated by the layered structure, the HPDLC film behaves as a transmissive or reflective spatial diffraction grating in the zero-voltage state. Its advantage compared to static holograms is the ability to modify the diffraction efficiency by applying the electric field across the film. As the liquid-crystal molecules reorient in the direction of the electric field, the ordinary refractive index of the liquid crystal matches that of the surrounding polymer, and a transparent state with practically zero diffraction efficiency is obtained. Currently, multiple reflection gratings in a single film are being developed ͓5͔, and photonic applications of HPDLC materials, particularly switchable optical waveguide devices, are under way ͓6͔.
In the production of HPDLC films, a homogeneous prepolymer/liquid-crystal/photosensitive-dye mixture is illuminated by two coherent laser beams forming an interference fringe pattern within the sample. In bright fringes the polymerization takes place more rapidly than in the dark regions. Consequently, the polymer molecules concentrate in the bright regions whereas the liquid-crystal molecules presumably diffuse into dark regions, where they separate from the polymer in the form of nanodroplets or small interconnected pores ͓7͔. The creation of holographic gratings under uniform illumination but with a polarization-state modulation was reported as an alternative way for their production ͓8͔. Investigating the process of formation of a spatial grating, Sutherland et al. ͓9͔ found that during the holographic illumination first a locally isotropic grating forms but converts later to an anisotropic grating. The final optical anisotropy of the liquid-crystal-rich layers has been demonstrated by the dependence of the diffraction efficiency on the polarization of the incident light beam ͓9,10͔. Very little is known, however, on the actual orientational ordering of the liquid crystal in droplets or voids. A deuteron nuclear magnetic resonance ͑NMR͒ study of pentyl-cyanobiphenyl ͑5CB͒ in an HPDLC material indicated that the orientation of the liquid-crystal molecules at the inner polymer surfaces is homeotropic, resulting in a radial-like configuration with a line segment defect along the major axis of the ellipsoidal void ͓11͔. It was also conjectured that the orientational order is reduced throughout the pore volume as the splitting of the NMR spectrum was found to be about one order of magnitude smaller than in the bulk liquid crystal.
In the present study we decided to investigate, using NMR and dynamic light scattering, an HPDLC material of composition as close as possible to that prepared for the switchable diffractive optical elements. The purpose of the study is to obtain information on the actual state of liquidcrystalline order in a standard HPDLC material. The knowledge of this parameter, which affects the switching efficiency and contrast, may contribute to the improvement of such materials. Instead of the pure liquid crystal, used in the previous NMR study ͓11͔, we report here on the HPDLC containing the commercial liquid crystal BL038, which is frequently chosen for optical applications because of its large birefringence, and selectively deuterated 5CB. In the following, the term LC mixture will denote the BL038(70%)-5CB(30%) mixture, which was used as the liquid-crystal material in our study. This mixture contains a sufficient amount of deuteron nuclei, which are-owing to the interaction of their quadrupole moment with the electric field gradient of surrounding electrons-a more suitable NMR probe of molecular orientational order than protons.
The deuteron NMR spectrum of a nematic liquid crystal in bulk consists of two well resolved lines ͓Fig. 1͑a͔͒, separated by ͓12,13͔ ⌬ϭ 3 2
where e 2 qQ/h is the quadrupole coupling constant averaged by molecular conformational changes and fast reorientations around the long axis, B denotes the angle between the nematic director and the external magnetic field, and S is the orientational order parameter. Small effects of director fluctuations and molecular biaxiality have been neglected. At the nematic-isotropic transition temperature T NI , the two lines of the spectrum discontinuously merge into one single line as the fast isotropic molecular reorientations completely average out the quadrupole interaction of deuterons.
The spectra of microconfined liquid crystals differ significantly from those of the bulk ͓14͔. Here, the director field is not spatially uniform but configures itself to the restrictions imposed by the inner solid boundaries. Each director field configuration is characterized by a specific spectral pattern. For an isotropic distribution of director orientations found, for example, in spherical droplets of a PDLC material, the NMR spectrum is a powder pattern with two peaks at half of the bulk splitting and two outer shoulders ͓15͔, though its shape might be slightly ''blurred'' by the translational difusion of molecules ͓Fig. 1͑b͔͒. The BL038-5CB mixture confined into ϳ70-nm-wide pores of irregular shape within the controlled-size porous glass ͑CPG͒ yields a powder pattern as well ͓16͔. The two superimposed outer peaks originate from the remains of the bulk material in the sample ͓Fig. 1͑c͔͒. However, much to our surprise, we found that the deuteron spectra of the same LC mixture in the HPDLC material do not show a clear structure down to very low temperatures.
As shown in Fig. 1͑d͒ , the HPDLC deuteron spectrum at about 290 K exhibits clearly a strong central line, whereas the spectra of bulk, ordinary PDLC material and CPG have the shape characteristic for the nematic phase. To understand the origin of such unusual behavior in HPDLC, simultaneous measurements of the NMR spectra and of the spin relaxation of deuterons were performed. It should be noted, however, that using deuteron NMR we could observe only the behavior of one component in the LC mixture. Therefore a dynamic light scattering experiment was carried out with the same sample to provide an insight into the LC mixture as a whole.
In Sec. II, the preparation of the sample and experimental methods used in the present study are briefly described. In Sec. III, experimental results obtained by NMR and dynamic light scattering are presented; the analysis is focused on the surface-induced order and molecular dynamics in the isotropic phase and on the transition into the nematic state. A plausible scenario of the development of nematic order upon cooling is proposed and its possible impact on the operational capability of HPDLC in switchable gratings is considered.
II. EXPERIMENT
The HPDLC sample under study was prepared in the form of 50-m-thick films from the homogeneous mixture of liquid crystal BL038 ͑EM Industries, 22.7 wt %͒, deuterated liquid crystal 5CB ͑9.7%͒, monomeric urethane resin ͑No. 8301 and No. 4866 UCB Radcure, total 45%͒, coinitiator N-Phenylglycine ͑Sigma Aldrich, 1.3%͒, photoinitiator Rose Bengal ͑Sigma Aldrich, 0.3%͒, chain-terminator N-VinylPyrrolidinone ͑Sigma Aldrich, 11%͒, and surfactant S271 ͑Chem. Service, 10%͒. 5CB was selectively deuterated in the first position of the alkyl chain. The details of the preparation can be found elsewhere ͓17͔. We deliberately chose this complex system since its composition is close to that of HPDLCs considered for application in display and telecommunication devices. The reason for using the BL038-5CB mixture in our sample is twofold. First, pure 5CB alone, which is the deuterated component required for NMR measurements, will not phase separate from the polymer used in the regular HPDLC devices. Second, BL038 is a material very suitable for optical applications since it has a large birefringence (⌬nϭ0.28 at wavelength 589 nm͒. The prepolymer emulsion was cured by two coherent Ar-laser beams ͑514 nm wavelength͒. The final morphology of the HPDLC film is visualized in the scanning electron micrograph ͑SEM͒ ͑Fig. 2͒. The dark areas are voids left in the polymer after the liquid crystal has been removed by a solvent for the SEM photography. It is seen that the dark liquid-crystal-rich regions consist of a dense network of LC droplets with sizes ranging roughly from 50 nm to 300 nm. The layers with dark patches are clearly separated by the bright pure-polymer layers with the average periodicity of the grating being 1.3 m.
Using such an HPDLC sample in the form of a 50-m-thick film, the dynamic light scattering measurements were performed by the standard photon correlation spectroscopy setup with a He:Ne laser source. The intensity FIG. 1. Deuteron NMR spectra of the BL038-5CB mixture in the bulk sample ͑a͒, in the ordinary PDLC material ͑b͒, in porous glass CPG ͑c͒, and in the HPDLC ͑d͒ at roughly the same temperature ϳ290 K. autocorrelation function g (2) of the scattered light was measured by an ALV-5000 correlator and its characteristic decay time was determined as a function of temperature. For the NMR measurements, 20 identically prepared HPDLC films were stacked on top of each other to attain a sample giving a sufficiently large signal-to-noise ratio in the NMR experiment. The stack was carefully controlled to maintain the planar alignment of the films when sealed in a thin-walled NMR tube. The spectra and the transverse spin-relaxation time T 2 were measured using the quadrupolar echo pulse sequence improved by an eight-step-phase-cycling scheme ͓18,19͔. The spin-lattice-relaxation time T 1 was determined by the standard inversion-recovery technique. In order to achieve a reasonably good signal-to-noise ratio, Ϸ1000 accumulations were typically acquired. All data were obtained on cooling the sample from 383 K to 270 K in the magnetic field of the NMR spectrometer operating at the deuteron Larmor frequency of 58.3 MHz. The observed relaxation of magnetization was monoexponential over at least 1 decade and the experimental error of the measured linewidths and relaxation times was less than 5%.
III. RESULTS AND DISCUSSION

A. Experimental results
First, the deuteron NMR spectra of the bulk BL038-5CB mixture were recorded in a broad temperature range between 383 K and 270 K. They exhibit the same characteristic temperature dependence as those of any other nematic liquid crystal ͓13͔. In the isotropic phase, the spectrum consists of one single line, its full width at half maximum ͑FWHM͒ being less than 100 Hz ͑Fig. 3͒. The transition between the isotropic and nematic phases occurs at T NI ϭ358 K, taking place between the transition temperature of pure BL038 at 373 K and that of pure 5CB at 308 K. In a narrow temperature interval of about 3 K both phases coexist in the sample. In the nematic phase, the spectrum reflects the onset of orientational order as it splits abruptly into a quadrupolar doublet separated by ϳ30 kHz ͑Fig. 3͒. The splitting increases with decreasing temperature up to 75 kHz at 273 K.
The same LC mixture in the HPDLC material shows a completely different behavior. At high temperatures, one single line of Lorentzian shape, characteristic of the isotropic phase, is observed as expected. However, its FWHM is at least ten times larger than in the bulk ͑Fig. 4͒. Moreover, the FWHM considerably exceeds not only the bulk linewidth but also those of the same LC mixture in the ordinary PDLC with a uniform dispersion of droplets and in the porous glass ͑Fig. 3͒. On cooling, the linewidth increases, but the expected line splitting or an abrupt broadening at the bulk isotropic-nematic transition temperature does not occur. The HPDLC deuteron spectrum ͑Fig. 5͒ consists of a single central line and does not show any resolved structure over a broad temperature interval of about 50 K below T NI , apart from a weak ͑less than a few percent of total intensity͒ broad background, detectable below ϳ330 K, and possibly originating from domains with nematic order. The FWHM of the prevailing narrow part passes the bulk T NI without any noticeable change, levels off, and shows then even a slight decrease ͑Fig. 4͒. At T a ϳ317 K a broadening of the central line starts again. Simultaneously, the broad background is FIG. 2. Scanning electron micrograph ͑SEM͒ of the HPDLC grating used in the NMR experiment. Black areas in the figure represent enclosures containing liquid crystal ͑which was removed before making the micrograph͒. One can clearly discern liquidcrystal-rich layers from the bright pure polymer layers in the HPDLC grating.
FIG. 3. Full width at half maximum ͑FWHM͒ ͑open symbols͒ and splitting ͑solid symbols͒ of the deuteron NMR spectra for the BL038-5CB mixture in the bulk ͑circles͒, confined into the ordinary PDLC material ͑squares͒, and into the porous glass CPG with pore diameter ϳ70 nm ͑triangles͒. gaining the intensity, eventually developing into a powder pattern typical of the nematic phase with an isotropic distribution of directors. The central line is getting weaker until it almost disappears below 273 K. It is obvious that the appearance of nematic ordering upon cooling is profoundly affected by the confinement of the LC mixture into the HPDLC film.
Complementary to NMR, we used dynamic light scattering measurements to study the phase transition and the onset of nematic ordering in the same HPDLC material. The time dependence of the autocorrelation function of the scattered light was measured in the same broad temperature interval as NMR spectra ͑Fig. 6͒. The characteristic decay time of the autocorrelation function is determined by the relaxation time of collective orientational fluctuations in the nematic phase. One important point observed with the HPDLC sample is the absence of dynamic light scattering above T b ϭ332 K, which clearly shows that the confined LC mixture is in the isotropic phase ͑apart from the surface layer͒ at temperatures at which the bulk has already passed into the nematic phase. This observation is in agreement with the appearance of a single line in the NMR spectrum.
Below ϳ332 K the dynamic scattering of light is observed. The time decay of the autocorrelation function in the millisecond range results from nematic director fluctuations, but incoherent dynamic events on the time scale of seconds are observed as well. Such a scattering might arise from defects exhibiting nematic order, even if less than 1% of the total LC material is trapped within. In these regions, the isotropic and nematic phases can coexist in a certain temperature range. The director fluctuations within the nematic parts account for the fast decay of the autocorrelation function, whereas the variation of their shape and position with time gives rise to the slow incoherent events. The indication for the existence of nematically ordered regions has been already obtained by NMR as the weak broad background, though it becomes clearly visible only at lower temperatures.
Finally, at T a ϳ317 K the onset of strong elastic light scattering on collective orientational fluctuations alone appears. This scattering is characteristic of the nematic phase and obviously shows that at this temperature the LC mixture in many droplets in the HPDLC grating has turned into the nematic phase. The measured relaxation time of the slowest director fluctuations, which is of the order of a few milliseconds, starts here to increase with decreasing temperature and so does the NMR linewidth. It should be stressed that the overall transition into the nematic phase is not sharp but gradual. With decreasing temperature the amplitude of the autocorrelation function increases indicating that more and more droplets turn into the nematic phase and contribute to the elastic light scattering. The same fact, though less obvious, is reflected by the growing ''wings'' and emerging powder pattern in the NMR experiment. The time decay of the autocorrelation function is a stretched exponential indicating slightly different relaxation times and therefore a distribution in droplet sizes. The stretching exponent is about 0.9 instead of 1 as would be in the bulk liquid crystal. Different sizes of droplets in the grating may be one of the reasons for a gradual evolution of the nematic order in HPDLC ͓20͔.
The observed shift of the isotropic-nematic transition for ϳ40 K towards lower temperatures can be explained by the presence of non-liquid-crystalline ingredients in the confined LC mixture, which act as impurities. The candidates are the photosensitive dye, a small amount of dissolved polymer, and/or remains of the monomer. On the other hand, the surfactant that is added to lower the switching voltage of the HPDLC film ͓21͔ was found nonsoluble in the LC mixture in the absence of other constituents. For this reason it is highly improbable that a fair amount of the surfactant would be dissolved in the liquid-crystal droplets. No significant shift in the transition temperature has been observed in the BL038-5CB mixture constrained either in the spherical droplets of 2) in the dynamic light scattering experiment on the HPDLC film. T b denotes the temperature at which, upon cooling, the dynamic light scattering appears, and T a denotes the beginning of the formation of the nematic phase in the grating's droplets.
an ordinary PDLC material or in the CPG with comparable pore sizes ϳ70 nm ͑Fig. 3͒. In both cases a sharp transition from the isotropic into the nematic phase at nearly the same temperature T NI as in the bulk takes place. On the other hand, the commercial liquid-crystal mixture BL038 without added 5CB experiences in the HPDLC material an equally strong reduction of the isotropic-nematic transition temperature ͓10͔. These observations lead to the conclusion that the gradual formation of the nematic phase results, to a minor extent, from the spread in droplet sizes and mainly from a different amount of non-liquid-crystalline ingredients in different droplets.
B. NMR linewidth in the high-temperature phase
NMR data and dynamic light scattering show that the LC mixture in the HPDLC grating is mainly in the isotropic phase above 317 K. But even in the isotropic phase, a tiny surface layer located at the LC-polymer interface is expected to possess a weak orientational order far above the transition temperature ͓22-25͔. Though the fluctuations of the surfaceinduced order in the high-temperature phase are too weak to be observed by dynamic light scattering, the orientational order at the surface is clearly demonstrated by the broadening of the deuteron NMR line. The surface-induced order parameter, inherent to the surface layer, is expected to be the largest at the liquid-crystal-polymer interface and to decrease exponentially with increasing distance from the wall. The characteristic decay length is the nematic correlation length introduced by de Gennes ͓26͔. It describes to a good approximation the thickness of the ordered surface layer. If there would be no translational diffusion of molecules, the deuteron NMR spectrum would be a powder pattern, resulting from the molecules in the surface layer, superimposed on the narrow central line originating from the isotropic region of the droplet. The presence of translational diffusion, however, gives rise to a motional narrowing of the spectrum, though the narrowing might not be complete ͓27,28͔. In the case of partial narrowing, the observed broadening of the line is inhomogeneous and is caused by the residual static quadrupolar interaction of deuterons in the surface layer. It is proportional to the orientational order parameter S 0 at the surface. On the other hand, the broadening of the line might be also dynamic, i.e., induced by the time modulation of the quadrupolar interaction ͓16,25͔. This homogeneous contribution to the linewidth equals T 2 Ϫ1 /, where T 2 Ϫ1 is the transverse deuteron spin-relaxation rate, and is proportional to the square of the surface order parameter. In order to separate the homogeneous and inhomogeneous contributions to the linewidth, the measurements of T 2 Ϫ1 were performed independently. The comparison of the homogeneous and total linewidths in Fig. 4 clearly shows that the broadening of the central line in the HPDLC film is almost entirely homogeneous and should be therefore analyzed in terms of the transverse spin-relaxation time.
C. Effect of confinement on T 1 À1 and T 2 À1 in the isotropic phase
In the isotropic phase of a bulk liquid crystal, T 1 Ϫ1 and T 2 Ϫ1 of deuterons result from the time modulation of quadrupole interaction by fast local molecular reorientations of the spin-bearing molecules. Similarly as in the isotropic phase of pure liquid crystals, the values of T 1 Ϫ1 and T 2 Ϫ1 in the bulk LC mixture high above T NI are almost equal (ϳ30 s Ϫ1 at 383 K). Within the simple theory of Woessner and co-workers for the relaxation induced by isotropic rotation of elongated molecules ͓29,30͔, the correlation time associated with the reorientations of the long molecular axes is evaluated to be ϳ4ϫ10 Ϫ10 s at ϳ383 K. A more elaborated theory that includes conformational changes of the alkyl chains was developed and applied to 5CB by Dong and co-worker ͓31,32͔. Upon confinement into the HPDLC material, the spin-lattice-relaxation rate increases only by a factor of ϳ2, whereas the transverse spin-relaxation rate experiences a dramatic growth resulting in T 2 Ϫ1 about hundred times larger than in the bulk. In order to understand such behavior one should be aware that the relaxation efficiency of a specific dynamic process depends on its intensity and frequency distribution. The spinlattice relaxation is determined by the spectral densities of the correlation functions, related to the deuteron quadrupolar interaction, at Larmor and double Larmor circular frequencies. It is therefore sensitive particularly to motions with frequencies in the high megahertz and low gigahertz regime ͓13,24͔. The transverse spin relaxation, on the other hand, contains also the spectral density at zero Larmor frequency. For this reason a substantial contribution to T 2 Ϫ1 might arise from slow dynamic processes with frequencies smaller than the Larmor frequency but larger than the static NMR linewidth. In practice, this implies that T 2 Ϫ1 is suitable for detecting not only fast molecular motions but also dynamic processes in the kilohertz frequency range.
A relatively small increase in T 1 Ϫ1 of the LC mixture in the HPDLC indicates that individual molecular reorientations have not been significantly affected by the confinement. An increase by the factor of ϳ2 in the spin-lattice-relaxation rate means roughly an increase in the correlation time by the same factor. Such an increase is not surprising taking into account that a small amount of polymer dissolved in the liquid crystal significantly increases its rotational viscosity ͓33,34͔. It is therefore highly probable that the dissolved polymer affects the translational and rotational diffusion of molecules in the same way.
The huge T 2 Ϫ1 in the HPDLC material is of a different origin. It results from the surface-induced order close to the cavity walls. The correlation function of quadrupolar interaction related to molecules in the ordered surface layer does not decay to zero due to fast molecular reorientations alone because of the finite value of the orientational order parameter in this layer. The residual quadrupolar interaction is further modulated on the kilohertz frequency scale by molecular translational displacements between regions with different orientational order within the void. The slow time decay of the residual correlation depends on the rate of molecular exchange between the surface layer and the isotropic region, and on the so-called RMTD process ͑reorientations mediated by translational displacements͒. The latter process is caused by molecular diffusion in a cavity where different surface sites impose different orientation to molecules in the surface layer. The director at the surface is assumed to be everywhere perpendicular to the local surface direction, as the surfactant, added to the HPDLC mixture, promotes the homeotropic orientation of liquid-crystal molecules. Both relaxation mechanisms, exchange and RMTD, are interconnected; their relative importance depends on the frequency of the NMR experiment and on the nature of the system ͓25,35-38͔. A comprehensive treatment of both contributions to the spin relaxation can be performed by simulating numerically the time dependence of the correlation functions ͓35͔. In the first approximation, however, the two mechanisms may be addressed separately in view of a considerable difference in their time scales. In the following section their basic characteristics will be discussed.
D. Relaxation mechanisms in the kilohertz range
If the translational diffusion coefficient D of liquid-crystal molecules is almost uniform throughout the cavity, the RMTD relaxation mechanism prevails in determining the increase in T 2 Ϫ1 upon confinement. The time decay of the correlation function due to the RMTD process is not monoexponential. It cannot be described by a single correlation time, but rather by a discrete set of characteristic times related to the topologically restricted translational diffusion ͓25,36͔. As the RMTD process involves only the molecules that are in the surface layer at the beginning as well as at the end of the observed correlation decay, the resulting relaxation rate (T 2 Ϫ1 ) RMTD becomes proportional to the square of the relative number of molecules in the ordered surface layer f S . The complex expression describing this situation in a spherical cavity ͓25͔ can be to a good approximation-the discrepancy being only a few percent-replaced by the relaxation rate calculated for a simple two-phase model in the form ͓37,38͔
S 0 denotes here the order parameter at the surface and ϭR 2 /(6D), where R is the radius of the cavity and D the self-diffusion coefficient. The relaxation rate induced by the RMTD relaxation mechanism shows a pretransitional increase due to the critical behavior of the nematic correlation length on approaching T NI from above ͓26͔:
where 0 is of the order of molecular dimension (ϳ0.65 nm for 5CB͒ and T* is the bulk supercooling limit of the isotropic phase ͑about 1 K below T NI ). In large spherical cavities, where the thickness of the surface layer is small compared to the cavity radius, this leads to
Such pretransitional temperature behavior of the transverse spin-relaxation rate was found in 5CB confined into controlled porous glass ͓16͔. In some cases the surface order parameter is temperature dependent as well ͓24͔. It increases on approaching T NI and makes the pretransitional increase in (T 2 Ϫ1 ) RMTD even more significant. The situation is quite different in systems where a considerable slowing down of molecular translational displacements at the surface takes place. In this case, the increase in the transverse relaxation rate upon confinement is mainly due to the exchange of molecules from the ordered into the disordered region. The slowing down of molecules concerns basically only the first monomolecular layer at the interface, which has a roughly fixed number of molecules. In the case that the surface order parameter is determined by short-range surface interactions and therefore is not much affected by the isotropic-nematic transition, the exchange induced relaxation would be only weakly temperature dependent. Within the two-phase model, the relaxation rate (T 2 Ϫ1 ) exch is given by ͓24,37,38͔
where denotes the fraction of molecules in the first monomolecular layer at the surface and exch denotes their approximate average lifetime within it. In the ordinary PDLC material the two relaxation mechanisms, RMTD and exchange, could be clearly separated ͓25͔. The exchange contribution prevails farther from the phase transition and the RMTD takes over closer to T NI . The exchange relaxation mechanism loses its efficiency upon cooling the sample below the isotropic-nematic transition temperature. Except in the close proximity of T NI and at the disclination lines and point defects in the structure, the magnitude of the orientational order in the nematic phase is homogeneous throughout the enclosure. The effect of the exchange relaxation mechanism is therefore negligible. On the other hand, the importance of the RMTD mechanism might increase below T NI . The director field in the cavity is not homogeneous, and the translational diffusion of all molecules ͑not only of those in the surface layer͒ contributes to the deuteron spin relaxation by modulating the quadrupolar interaction. The discrete set of characteristic times involved in this process depends on the structure of the director field ͓36͔. Finally, it should be noted that the thermal fluctuations of the director also represent a strong relaxation mechanism at low frequencies in the nematic phase.
E. Discussion of experimental T 2 À1 and NMR linewidth data
Already a brief inspection of Fig. 4 , where FWHM HOM represents T 2 Ϫ1 /, demonstrates that the transverse spinrelaxation rate T 2 Ϫ1 does not show a simple pretransitional increasing on approaching the temperature where the onset of the nematic phase takes place (ϳ317 K). Between 380 K and 353 K a smooth increase in T 2 Ϫ1 is observed but, on cooling further, the T 2 Ϫ1 vs T curve levels off, turns into a flat plateau, and even slightly decreases before the transition into the nematic phase is attained. As mentioned earlier, the RMTD relaxation mechanism predicts a strong pretransitional increase in the transverse relaxation rate, which has not been observed in HPDLC. Besides, (T 2 Ϫ1 ) RMTD calculated for uniform diffusion throughout the cavity according to Eq. ͑2͒, amounts-for a set of reasonable parametersonly to ϳ90 s Ϫ1 . This is much less than the huge experimentally determined value ϳ4500 s Ϫ1 ͑at 360 K͒. In this estimate the following values of the relevant parameters have been used: e 2 qQ/hϳ60 kHz ͓25͔, the correlation length ϳ2 nm leading to f S ϳ0.12 in a spherical enclosure with smooth walls and radius of about 50 nm, diffusion coefficient Dϳ1ϫ10 Ϫ10 m 2 s Ϫ1 , and S 0 ϳ0.3. However, S 0 might be larger and the relative number of orientationally ordered molecules might be higher for cavities with rugged walls. But even the largest theoretically allowed value of S 0 ϭ1 and a two times larger f S do not account, when applied to Eq. ͑2͒, for the huge T 2 Ϫ1 in HPDLC, which is much larger than T 2 Ϫ1 of pure 5CB in the normal PDLC and in the porous glass ͓16,25͔.
On the other hand, the predicted magnitude of the relaxation rate is considerably enhanced if a slowing down of the molecular translational motion in the immediate vicinity of the surface is assumed. In a thorough treatment, the resulting relaxation rate should be calculated by numerically simulating the time dependence of the interaction correlation functions to include both the RMTD and exchange losses of correlation ͓35,39͔. To get only a rough estimate of the dynamical parameters involved in this process, Eq. ͑5͒ can be used as the first approximation, yielding T 2 Ϫ1 ϳ4500 s Ϫ1 for ϳ0.12 ͑spherical cavity with smooth walls͒ and the factor S 0 2 exch ϳ2.6 s. However, an atomic force microscopy ͑AFM͒ photograph indicates a rugged inner polymer surface with hemispheres protruding from the cavity walls, all with similar radii of curvature ͑Fig. 7͒ ͓40͔.
Such a structure yields ϳ0.24 and correspondingly the value ϳ1.5 s for S 0 2 exch . In the attempt to specify the last two parameters, S 0 and exch , separately, we take into account the fact that the exchange of molecules between the surface layer and isotropic region is fast enough to provide a motional narrowing of the residual quadrupole interaction, which is reflected in a single and structureless NMR line at high temperatures. Therefore the condition ͓13,24,28͔ ͑e 2 qQ/h ͒S 0 exch Շ1 ͑6͒ must be fulfilled. This additional requirement limits S 0 in the high-temperature phase to values larger than ϳ0.2 ͑for the rugged surface͒, and yields an exchange time of the order of ϳ10 s. The exchange time is roughly equal to the dwell time of molecules in the surface layer and of the same order of magnitude as in the ordinary PDLC.
In view of the simple model used to describe a complex relaxation process, the above values should be treated as merely indicative. Moreover, any polymer strands stretched across the cavity might increase the inner surface and decrease the estimated surface order parameter. The fact, however, remains that the magnitude of the surface order parameter in HPDLC is larger than in the ordinary PDLC materials (S 0 ϳ0.08) ͓16͔. This might be due to the presence of surfactant molecules that attach to the polymer surface and promote homeotropic, i.e., perpendicular orientation of liquidcrystal molecules at the interface. The surfactant usually promotes a larger degree of surface order as was observed for 5CB in Anopore cavities with treated walls ͓41,42͔. However, the surface order parameter in treated Anopore exhibits a strong pretransitional increase, which has not been observed in HPDLC. It should be also stressed that the large T 2 Ϫ1 in HPDLC cannot be explained without assuming a slowing down of the translational diffusion of liquid-crystal molecules in contact with the polymer/surfactant. The diffusion coefficient of liquid-crystal molecules in the surface layer is at least two orders of magnitude smaller than in the isotropic region. Besides, the polymer surface isirrespective of the surfactant molecules-far from being smooth. A rough and blobbed structure that increases the inner surface area has a larger effect on the liquid crystal at the same concentration ratio of ingredients in the HPDLC material.
The temperature dependence of the linewidth and T 2 Ϫ1 in the high-temperature phase of HPDLC is most unusual. A broad peak appearing in the linewidth vs temperature curve ͑Fig. 4͒ has not been observed in any other confining system. One possible scenario of such behavior could be built on the conjecture that the concentration of BL038 and 5CB in the LC mixture is not homogeneous in the whole temperature interval under study. Bearing in mind that the clearing point of BL038 is at 373 K whereas 5CB clears at 308 K, it would not be surprising if a partial separation of 5CB molecules from other liquid-crystal compounds in the mixture took place. In such a case, the surface-induced order and correspondingly the linewidth of 5CB molecules, which represent the only liquid-crystal component seen by NMR, would first increase with decreasing temperature as long as their ordering matches the order of the entire LC mixture. If, however, a formation of 5CB-richer areas, stimulated by the proximity of polymer surfaces, started below ϳ353 K, the molecules of this particular liquid crystal would now behave as being far above their bulk transition temperature. An effective diminishing of their ordering might occur in this way and cause a decrease in the relaxation rate in a certain temperature interval. Whether the diminishing of the ordering means a smaller value of the surface order parameter S 0 , a smaller fraction of 5CB molecules in the surface layer , or even a shorter exch cannot be stated in the present study. The partial separation could also account for incoherent dynamic light scattering observed at temperatures between 332 K and 317 K ͑Fig. 6͒. The onset of the nematic phase at 317 K, although clearly visible in dynamic light scattering experiments, is marked by a gradual increase in the NMR spectral FWHM. Obviously some of the droplets, probably the larger ones, become nematic throughout their volume whereas the others still persist in the partly isotropic phase with an oriented surface layer. The nematic droplets are the source of director fluctuations causing the decay of the autocorrelation function in the dynamic light scattering experiment and appearing as a weak powderlike pattern ͑first only as the ''wings'' to the Lorentzian͒ in the NMR spectra. The isotropic droplets are invisible in the optical experiment though they produce the strong central line in the NMR spectrum. With decreasing temperature, the relaxation time of director fluctuations increases ͑Fig. 6͒. The amplitude of the autocorrelation function increases as well, indicating a growth in the fraction of droplets in the nematic phase, which shows up also in the increasing intensity of the powder pattern in the NMR spectrum. It is interesting to note that the broadening of the central line up to 3 kHz is still completely homogeneous ͑Fig. 4͒. Obviously the ordering of 5CB in the surface layer-even if partly separated from the BL038-increases in the vicinity of the intrinsic 5CB transition temperature and induces a larger transverse spin-relaxation rate.
A point that certainly deserves attention is the surprisingly large amount of liquid crystal that is still in the isotropic phase at room temperature and yields the central line in the NMR spectrum ͑see Fig. 5͒ . It shows that a considerable number of droplets is not effective in producing the contrast between the on and off state in the switchable Bragg grating. Another reason for the appearance of the central line could be that in very small pores the surface dictates a lower degree of orientational order than expected in the nematic phase. In such pores the fast molecular translational diffusion among sites with varying director orientation could still average out the quadrupole interaction of deuterons and produce a central line in the spectrum albeit the liquid crystal is in the nematic phase. But the question remains whether such droplets are capable of being oriented with the external electric field in the switching procedure.
In order to check the macroscopic anisotropy of the HPDLC grating, the low-temperature NMR spectrum was recorded for different orientations of the stacked sample in the magnetic field. Apart from a small difference in the intensity of peaks in the powder-pattern-like spectrum, no effect of the rotation was observed. The anisotropy of the droplets in the sample under study is obviously very small.
IV. CONCLUSIONS
In this paper we presented a deuteron NMR and dynamic light scattering study of the BL038-5CB liquid-crystal mixture in a standard HPDLC material with an alternating structure of LC-rich and polymer layers. We found that the behavior of the BL038-5CB mixture in the HPDLC differs drastically from the bulk. First, the nematic temperature range of the LC mixture is shifted towards lower temperature almost by 40 K and the formation of the nematic phase in the sample is gradual. Most of the droplets are too large to experience a continuous evolution of nematic order individually ͓16,22͔, but the onset of the nematic phase in the whole sample is gradual, as different droplets turn into the nematic phase at different temperatures. One of the reasons for such behavior may be the distribution of droplet sizes between ϳ50 nm and ϳ300 nm, but the overwhelming factor is the different amount of non-liquid-crystalline ingredients in different droplets. Additionally, the concentration of 5CB is probably not exactly equal in all droplets giving another reason for a spread in transition temperatures; droplets with higher 5CB content would turn into the nematic phase at lower temperature.
The huge transverse deuteron spin-relaxation rate in the high-temperature phase of HPDLC unveils a strong effect of polymer and/or surfactant on the liquid-crystal molecules at the surface. The surface order parameter is found larger than in other confining systems ͑PDLC, CPG͒. Additionally, the translational mobility of molecules in the surface layer is hindered and slower for at least two orders of magnitude compared to the bulk. Albeit we could estimate only the lower limit of the surface order parameter (S 0 տ0.2 for droplets of radius ϳ50 nm), it is reasonable to assume that its actual value is close to this limit. The orientational order in smaller droplets might be diminished and probably surface dictated even in the nematic phase. The strong influence of the surface on the orientational order of liquid crystal in the HPDLC is thus demonstrated by the orienting effect in the isotropic phase and probably by a disorienting effect in the nematic phase. The strong influence of the surface might be due to the surfactant added to the polymer, but its capability seems to concern only the static orientational effect, whereas it reduces the switching voltage required to reorient the liquid crystal along the electric field ͓21͔.
The observed reduction of the nematic-isotropic transition temperature brings the isotropic phase much closer to the operative temperature range of the HPDLC material than expected. Moreover, a considerable amount of liquid crystal is found in a quasi-isotropic phase even at room temperature. Such diminishing of the overall orientational order in the sample could unfavorably influence the switching efficiency of HPDLC gratings. The drawbacks of the HPDLC material as pointed out in this study might be exaggerated in our sample, as the deuterated 5CB had been added to the liquidcrystal mixture, which is standardly used in the production of switchable gratings. On the other hand, 5CB is a constituent of many commercial mixtures as well. It would be reasonable to take into account this observation in planning the HPDLC chemical constituents. One of the purposes of our study was also to check the suitability of NMR as a supporting method in the optimization of switchable gratings in the future. Our results show that deuteron NMR combined with optical experiments is a well-suited method for this purpose and could successfully be exploited in future experiments to improve the switching performance of different HPDLC materials.
